Numerous studies have reported associations between exposure to ambient levels of particulate matter (PM) and adverse health effects, including elevated rates of cardiopulmonary morbidity and mortality (1) (2) (3) (4) (5) . Although the mechanism(s) of PM toxicity is not known at present, the relatively short time lag between changes in ambient PM levels and the ensuing changes in the incidence of the associated health effects argues in favor of an acute exposure-response relationship. Inflammation is a feature of the toxicity of many environmental exposures and a common acute end point of toxic injury. Therefore, a significant amount of attention has been focused on inflammatory mechanisms of toxicity of ambient PM.
Ambient PM is a complex and varying mixture of organic and inorganic compounds, and no single component in PM has been correlated with the effects of PM exposure. However, epidemiologic findings point to combustion processes as a source of toxic constituents in PM (6) (7) (8) . Fossil fuel combustion generates numerous metallic compounds associated with ambient PM (9, 10) , which have been linked to PM-induced health effects in animals (11) (12) (13) (14) . Residual oil fly ash (ROFA) is an inorganic mixture of metal salts and silicates that is produced during the burning of low-grade oil. Among the metals found in ROFA are vanadium, zinc, iron, and nickel, with oxides and sulfates as the likely dominant speciations (15) . Because of its origin as an emitted fossil fuel by-product and the fact that it is virtually devoid of organic compounds, ROFA has been used as a model of combustion derived metallic compounds in PM in a number of in vitro and in vivo toxicologic studies (11) (12) (13) (14) (16) (17) (18) (19) .
The inflammatory effects of ROFA in pulmonary tissues and cells have been documented in animal studies and include neutrophilic alveolitis, edema, hyperreactivity, and increased susceptibility to microbial infections (20) . The toxicologic mechanisms responsible for these effects have been proposed to involve alterations in cell signaling that lead to inflammatory mediator expression (21, 22) . Reported changes in signaling at the cellular level induced by ROFA include disruption of tyrosine phosphate metabolism (21) , activation of phosphorylation-dependent signaling cascades (23) , and activation of nuclear factor-κ B (NFκB) (22) .
Transcription factors are DNA-binding proteins that function as modulators of transcriptional expression (24) . In this manner, transcription factors participate in virtually every facet of cellular function and response to extracellular stimuli. Notably, the expression of proteins that mediate inflammatory reactions, such as chemokines and cytokines, is under the control of specific transcription factors (25) (26) (27) (28) (29) . The activity of transcription factors such as NFκB, activator protein-1 (AP-1), activating transcription factor-2 (ATF-2), and cAMP response element binding protein (CREB) is typically regulated by phosphorylation-dependent events that can include the phosphorylation of the transcription factor itself, which is then followed by its translocation to the nucleus (30) . Activation of NFκB also involves degradation of its inhibitory subunit IκB (inhibitor-κ B), which results in the subsequent translocation of the p65-p50 NFκB heterodimer to the nucleus (31) .
The recent advent of new phosphorylation-state-specific antibodies has enabled investigators to detect the activated forms of an increasing number of signaling proteins, such as receptors, kinases, and transcription factors. Our laboratory is interested in the application of these antibodies to the immunodetection of signal transduction activation in lung tissues exposed to pollutants such as ROFA. We recently reported the use of phospho-specific antibodies for the detection of the activation of the mitogen-activated protein (MAP) kinases ERK (extracellular regulated kinases), JNK (c-Jun N-terminal kinase), and P38 in lung tissue from rats exposed to ROFA (23) . An important limitation of that study and in vivo toxicologic work in general has been the inability to distinguish between the direct effect of a toxic insult on the target tissue and secondary effects that are mediated by activated inflammatory cells recruited from the circulation. Specifically addressed in the present study is the issue of the effects of ROFA on the cells of the lung in the absence of inflammatory cells found in the blood. We report here that, using a perfused rabbit lung model that is devoid of blood cells, ROFA induces phosphorylation and functional activation of the transcription factors c-Jun, ATF-2, CREB, and NFκB in lung cells.
Metallic constituents contained in ambient particulate matter have been associated with adverse effects in a number of epidemiologic, in vitro, and in vivo studies. Residual oil fly ash (ROFA) is a metallic by-product of the combustion of fossil fuel oil, which has been shown to induce a variety of proinflammatory responses in lung cells. We have examined signaling pathways activated in response to ROFA exposure and recently reported that ROFA treatment activates multiple mitogen-activated protein (MAP) kinases in the rat lung. In the present study we extended our investigations on the mechanism of toxicity of ROFA to include transcription factors whose activities are regulated by MAP kinases as well as possible effectors of transcriptional changes that mediate the effects of ROFA. We applied immunohistochemical methods to detect ROFA-induced activation of nuclear factor-κ B (NFκB), activating transcription factor-2 (ATF-2), c-Jun, and cAMP response element binding protein (CREB) in intact lung tissue and confirmed and characterized their functional activation using DNA binding assays. We performed these studies using a perfused rabbit lung model that is devoid of blood elements in order to distinguish between intrinsic lung cell effects and effects that are secondary to inflammatory cell influx. We report here that exposure to ROFA results in a rapid activation of all of the transcription factors studied by exerting direct effects on lung cells. These findings validate the use of immunohistochemistry to detect transcription factor activation in vivo and demonstrate the utility of studying signaling changes in response to environmental exposures. 
Materials and Methods
Reagents. ROFA was a gift from Gary E. Hatch (U.S. Environmental Protection Agency, Research Triangle Park, NC). ROFA was collected by the Southern Research Institute (Birmingham, AL) on a Tefloncoated fiberglass filter downstream from the cyclone ("scrubber") of an oil-burning power plant in Florida. At the time of collection, the power plant was burning a low-sulfur number 6 residual oil. The temperature of the effluent stream at the time of collection was 204°C (32) . The physicochemical properties and composition of the ROFA used in these studies have been described elsewhere (33) . ROFA was approximately 90% soluble in water and had the following ionizable metal content: 188 mg/mL vanadium, 37.5 mg/mL nickel, 35.5 mg/mL iron, 0.803 mg/mL cobalt, 0.464 mg/mL manganese, 0.295 mg/mL copper, 0.180 mg/mL titanium, 0.168 mg/mL chromium. We purchased protease inhibitor cocktail from Calbiochem (San Diego, CA), acrylamide from Boehringer Mannheim (Indianapolis, IN), and SDS-PAGE molecular weight standards and Western blotting supplies from Bio-Rad (Hercules, CA). We quantified protein levels using a Coomasie blue reagent obtained from Bio-Rad. General laboratory reagents were purchased from Sigma Chemical (St. Louis, MO).
The antibodies against phospho-ATF-2, phospho-c-Jun and NFκB (p65) were mouse anti-human monoclonal IgG fractions; antiphospho-CREB-1 was a goat anti-human polyclonal IgG; and anti-IκBα was a rabbit anti-human polyclonal IgG. All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). These antibodies are certified by the supplier to be specific for their intended ligand. The anti-phospho-ATF-2 antibody reacts with Thr-71 phosphorylated ATF-2. The anti-phospho-c-Jun antibody reacts with Ser-63 phosphorylated c-Jun p39 and does not react with either Jun B or Jun D on the analogous serine residues. The antiphospho-CREB-1 antibody detects phosphorylated Ser-133 of CREB and also the phosphorylated form of CREB-related proteins ATF-1 and cyclic AMP-responsive element modulator (CREM). The anti-NFκB (p65) antibody is not cross-reactive with c-Rel p75 or Rel B p68. IκBα is not cross-reactive with other IκB family members. All antibodies used in this study were affinity purified.
Isolated perfused lung model. The model using a perfused rabbit lung has been previously described (34) . Briefly, male New Zealand White rabbits (May's Farm, Wilson, NC) weighing 2.5-3.0 kg were heparinized and anesthetized with sodium pentobarbital. After opening the chest wall, the animal was killed by rapid exsanguination from the left ventricle. Stainless-steel cannulae were tied into the left atrium and the main pulmonary artery. The ligature at the pulmonary artery also passed around the aorta to prevent loss of perfusate into the systemic circulation. The pulmonary circulation was washed free of blood before a recirculating flow at 100 mL/min was established using Krebs-Henseleit buffer (82.8 mM sodium chloride, 4.7 mM potassium chloride, 2.4 mM monobasic potassium phosphate, 25 mM sodium bicarbonate, 1.2 mM magnesium sulfate, 2.7 mM calcium chloride, and 11.1 mM dextrose) containing 3% bovine serum albumin (BSA) at a temperature of 37-38°C and pH 7.3-7.4. The perfusion circuit consisted of a reservoir, a roller pump (Sarns, Inc., Ann Arbor, MI), and a bubble trap and a heat exchanger, connected with Tygon tubing (Model FT100; Grass Instrument Company, Quincy, MA). The reservoir was placed at the lowest portion of the lung to maintain a left atrial pressure of zero. The volume of the system was approximately 250 mL. The lung was ventilated with 21% O 2 + 5% CO 2 through a tracheostomy using an animal respirator (Harvard Apparatus Company, Inc., Holliston, MA) delivering 30 breaths/min at 2 cm H 2 O positive end-expiratory pressure. We adjusted the tidal volume to achieve a peak tracheal pressure (PAW) of 7-10 mm Hg (~20 mL). The mean pulmonary artery pressure (PPA) and PAW were recorded on a four-channel recorder (Model 2450S; Gould Inc., Cleveland, OH) continuously using pressure transducers (P231D; Gould Statham Instruments, Inc., Hato Ray, Puerto Rico). After establishment of recirculating flow, the lung was allowed 10 min for stabilization. We excluded lungs with visible leaks and/or high pulmonary artery pressure (> 20 mm Hg) during this period. Two animals were used per treatment reported in this study.
In vivo ROFA exposure. We administered 2 mg of ROFA suspended in 2 mL sterile 0.9% NaCl by intratracheal instillation. The tracheostomy tube was disconnected briefly from the ventilator circuit to allow the lung to deflate completely. The solution was then instilled into the distal trachea, and the lung was reinflated and ventilation reestablished to allow the suspended ROFA to be distributed to the distal lung regions. Instillation of ROFA was followed by 40 min of perfusion. Previous studies had established that the viability of the system was stable for at least 2 hr. We chose the 40-min time point to accommodate the rapid nature of signaling events while minimizing the risk of secondary effects. Control lungs were treated with 2 mL of sterile 0.9% NaCl using the same delivery method as that for the ROFA-treated lungs.
Separation of cytoplasmic and nuclear protein fractions. Frozen rabbit lung tissues were homogenized on ice in CEB buffer (10 mM Tris, pH 7.9, 60 mM potassium chloride, 1 mM EDTA, and 1mM dithiothreitol) containing an antiprotease cocktail (1 mM 4-(2-aminoethyl)benzene sulfonyl fluoride, 0.8 µM aprotinin, 20 µM leupeptin, 50 µM bestatin, 10 µM pepstatin A, 15 µM L-trans-epoxy succinyl-leucyl-amido (4-guanidino) butane, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium fluoride, and 1 mM vanadyl sulfate. After a 10-min incubation on ice, nonidet P-40 (0.2%) was added and the samples were mixed well and then centrifuged at 16,000 × g for 1 min at 4°C. The nuclear pellet was washed once with cold CEB buffer and recentrifuged at 16,000 × g for 5 min at 4°C. The pellet was resuspended in NEB buffer (20 mM Tris, pH 8.0; 400 mM NaCl; 1.5 mM MgCl 2 ; 1.5 mM EDTA; 25% glycerol; and 1 mM DTT) containing protease inhibitors, 1 mM sodium fluoride and 1mM vanadyl sulfate, and incubated on ice for 10 min. Samples were centrifuged at 10,000 × g for 10 min, and the supernatants containing extracted nuclear proteins were aliquoted and stored at -80°C.
Western blotting. We determined levels of IκBα and phosphorylated ATF-2, c-Jun, and CREB-1 in control and ROFA-treated rabbit lungs by SDS-PAGE. For IκBα analyses, frozen lung tissues were homogenized on ice in RIPA lysis buffer [0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40 in phosphate buffered saline (PBS), pH 7.4], containing an antiprotease cocktail (35) and 1 mM vanadyl sulfate. Homogenates were centrifuged at 10,000 × g for 10 min, and the supernatants were aliquoted and stored at -80°C. Nuclear protein fractions extracted from frozen lung tissues were used for phosphorylated ATF-2, c-Jun, and CREB-1 analyses.
Samples were mixed with an equal volume of SDS-PAGE loading buffer (0.125 M Tris, pH 6.8, 4% SDS, 20% glycerol, 10% β-mercaptoethanol, and 0.05% bromophenol blue), boiled for 5 min, and separated on 11% SDS-PAGE gels in Tris-glycine-SDS buffer (36) . We ran prestained molecular weight markers on adjacent lanes. We used 50 µg of wholelung homogenates for the analysis of IκBα. We used 20 µg of nuclear protein extracts for the analyses of phosphorylated ATF-2, c-Jun, and CREB-1. Electrophoresed proteins were electro-blotted onto nitrocellulose (37) . Blots were blocked with 3% casein in 50 mM PBS, pH 7.4 for 1 hr, washed briefly with PBS-0.05% Tween-20, and incubated overnight at 4°C with primary antibody in 5% BSA in PBS-Tween. Blots were washed, then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology) in 3% casein in PBS-Tween for 1 hr at room temperature. Antibodies were used at concentrations between 0.5 and 1.0 µg/mL. We detected protein bands using chemiluminescence reagents and film as per manufacturer's instructions (Amersham Life Science, Arlington Heights, IL). Images were digitized with a Kodak DC120 digital camera using the Kodak Digital Science Electrophoresis Documentation and Analysis System 120 (Eastman Kodak, Rochester, NY).
Electrophoretic mobility shift assay. We used nuclear protein samples extracted from control and ROFA-exposed rabbit lungs in electrophoretic mobility shift assay (EMSA). DNA binding activities to the major histocompatibility complex (MHC) class II NFκB response element were performed as described previously (38) . AP-1 and ATF-2/CREB-1 DNA binding activities were performed using commercially available EMSA kits for the respective transcription factors (Nushift kits; Geneka Biotechnology, Montreal, Canada) according to the suppliers instructions. All DNA-protein samples were separated by electrophoresis through 4.5% nondenaturing polyacrylamide gels containing 0.5X Tris/glycine/EDTA at 4°C. Gels were dried, and radiolabeled DNA-protein complexes were autoradiographed using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). The nucleotide sequences used were ATF-2/CREB-1 (5´-GATTCA ATGACATCACGGCTGTG-3´), AP-1 (5´-CGCTTGATGAGTCAGCCGGAA-3´), and NFκB (5´-GGCTGGGGATTCCC-CATCT-3´).
Immunohistochemistry. After exposure to ROFA or saline, rabbit lungs were inflation fixed with 4% paraformaldehyde at 20 cm fixative pressure overnight at 4°C. Lungs were transferred to PBS and processed for paraffin embedding. We cut 4-µm sections using a Leica RM 2155 microtome (Leica, Deerfield, IL) onto Fisher Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Sections were deparaffinized by heating at 60°C for 45 min and washing twice with xylene, rehydrated in a graded series of ethanol, and washed in Trisbuffered saline, pH 8.0 (TBS). We performed antigen retrieval (unmasking) on lung sections before incubation with antibodies. After rehydration, sections were placed in 0.1 M citric acid, pH 6.0, heated in a microwave at high power for 50 sec, followed by low power for 15 min. After cooling, the sections were rinsed with H 2 0 and washed in TBS.
Prediluted immunohistochemical reagents [endogenous peroxidase block, normal serum block, HRP-streptavidin and diaminobenzidine (DAB)] were from an ImmunoCruz Staining System kit (Santa Cruz Biotechnology). Immunostaining was done as follows: a 10-min endogenous peroxidase block was followed by three 5-min washes in TBS-0.1% Triton X-100 (TBST) and a 90-min block with normal goat or donkey serum. Lung sections were then incubated overnight at 4°C with primary antibodies diluted with TBST-3% BSA [anti-phospho-ATF-2 (160 µg/mL), anti-phospho-c-Jun (160 µg/mL), anti-NFκB (p65; 80 µg/mL), anti-phospho-CREB-1 (20 µg/mL)], washed three times for 5 min with TBST, incubated with the appropriate biotin-conjugated secondary antibody [goat anti-mouse IgG, human, mouse and rat serum-adsorbed (Sigma Chemical) or donkey anti-goat IgG, human, mouse, rat, and rabbit serum-adsorbed (Jackson ImmunoResearch Laboratories, West Grove, PA)] washed three times for 5 min with TBST, incubated 30 min with HRP-streptavidin, washed two times 5 min with TBST, washed once for 5 min with water, and incubated 10 min with DAB.
Normal goat and mouse IgG sera were diluted to the same protein concentrations as the primary antibodies and routinely used as negative controls.
Sections were mounted with Crystal/ Mount (Biomeda, Foster City, CA); photographs were taken with a Nikon Coolpix 990 digital camera attached to a Nikon E600 light microscope (Nikon, Tokyo, Japan) under differential interference contrast illumination. We edited the resulting images for manuscript preparation using Adobe Photoshop (Adobe Systems, San Jose, CA).
Results
To determine the direct effect of ROFA on the activation of signaling intermediates in the lung, isolated, perfused rabbit lungs were instilled with ROFA or vehicle and subjected to immunohistochemical, Western blotting, and DNA binding analyses. Lung tissue immunostaining for NFκB (p65), phospho-ATF-2, phospho-c-Jun, and phospho-CREB was increased in rabbits exposed to ROFA compared to controls (Figure 1 phospho-ATF-2, phospho-c-Jun, and phospho-CREB. There was no staining for any of the transcription factors in blood vessels or bronchial smooth muscle. The change in the p65 signal appears to represent an actual increase in immunostaining and not a change in the ratio of cytosolic to nuclear localization of this NFκB subcomponent (Figure 1) . A summary of the staining pattern in the lung for each transcription factor is shown in Table 1 .
To corroborate and complement the immunohistochemical findings, we used Western blotting to detect evidence of ROFAinduced activation of transcription factors in perfused rabbit lung tissue. Total or nuclear protein extracts prepared from homogenates of rabbit lung exposed to vehicle or ROFA were fractionated by SDS PAGE and immunoblotted using specific antibodies. These analyses verified that exposure to ROFA induced marked activation of ATF-2, c-Jun, and CREB, as evidenced by increases in nuclear levels of the phosphorylated forms of these transcription factors (Figure 2) . Activation of NFκB in the rabbit lung tissue was shown by a ROFA-induced degradation of the inhibitory subunit IκBα, an event known to precede the nuclear translocation of the p65-p50 heterodimer (Figure 2) .
We used EMSAs to determine whether exposure to ROFA induces a functional activation of transcription factors in the perfused rabbit lung model. Total lung homogenates from rabbits exposed to ROFA or vehicle alone were prepared and nuclear proteins were then extracted and assayed for specific DNAbinding activity to oligonucleotide sequences found in various response elements. As shown in Figure 3 , exposure to ROFA induced a pronounced increase in the DNA-binding activity of NFκB to the MHC class II NFκB response element. Similar increases in DNA-protein binding were observed using an AP-1 response element, targeted by phospho-c-Jun-containing homo and heterodimers, and an oligonucleotide recognized by both ATF-2 and CREB-1 (Figure 3) .
We further characterized the ROFAinduced transcription factor DNA binding detected by EMSA using an excess of specific competitive oligonucleotides and specific antibodies. The intensity of the EMSA shift of the NFκB oligonucleotide probe was strongly reduced with the use of an excess of unlabeled ("cold") wild-type probe. However, competition with an unlabeled oligonucleotide that differs from the probe sequence by a single nucleotide (mutant NFκB) produced only a partial reduction in the intensity of the EMSA signal ( Figure 4A ). Further identification of the NFκB subunits involved in the DNA binding induced by ROFA exposure was performed using specific antibodies against the NFκB family members p65, p50, and c-Rel. An antibody against p65 was effective in enhancing the retardation ("supershifting") of a major band induced by ROFA treatment. In contrast, antibodies against p50 and c-Rel did not alter the EMSA binding pattern induced by ROFA ( Figure  4A ). Supershifting of a major DNA-binding complex band was seen with an anti-phospho-c-Jun antibody, confirming the presence of activated c-Jun in the AP-1 DNA-binding complex ( Figure 4B ). As shown in Figure 4C , the specificity of the ATF-2/CREB binding induced by ROFA exposure was also shown by competition with wild-type and mutant oligonucleotides. Antibodies against phospho-ATF-2 caused a detectable supershift of the complex, while an anti-phospho-CREB antibody produced no change in the EMSA pattern ( Figure 4C ).
Discussion
A number of in vitro and in vivo studies have demonstrated the inflammatory effect of exposure to ambient particulate matter components in the lung (11, 14, (39) (40) (41) . An important mechanistic issue that remained to be addressed was distinguishing between the direct effects of the exposure on lung cells and those that are secondary to the infiltration and activation of inflammatory cells derived from the blood. Although the possibility remains of cell-to-cell trans-stimulation within the lung by resident macrophages and neutrophils, the data from the present study using a perfused lung model establish that exposure to the metallic PM mixture ROFA induces direct activation of intracellular signaling in lung cells that does not require participation by extrapulmonary cells.
The observation that the immunostaining for transcription factor activation induced by ROFA occurs predominantly in the airway epithelium is likely a reflection of the pattern and dosimetry of the deposition of instilled ROFA in the lung. However, it may also be underlain by a differential susceptibility of the airway epithelial cells when compared to the alveolar cells to this type of stimulation. The accumulation of phosphorylated proteins in rabbit lung tissue shown by increased immunohistochemical staining can be thought of as a broad marker of intracellular signal transduction activation. ROFA has previously been shown to cause increases in protein phosphotyrosines in a human airway epithelial cell line (21) and in the rat lung (23) . In human airway epithelial cells, the mechanism responsible for this effect is a dysregulation of phosphotyrosine metabolism resulting from a vanadium-induced inhibition of tyrosine phosphatases (21) . Thus, although the mechanistic link between transcription factor phosphorylation and the activation of upstream kinases was not established here, it is likely that the phosphorylation-dependent activation of the transcription factors reported in this study reflects a dysregulation of phosphotyrosine metabolism caused by inhibition of tyrosine phosphatases. Furthermore, it is reasonable to speculate that vanadium is the constituent in ROFA that induces the activation of these transcription factors in the perfused rabbit lung model, as it was in the in vitro study.
NFκB activation mediates critical cellular responses that control gene expression and programmed cell death (28) . In human airway epithelial cells, NFκB has been associated with the expression of interleukin-6 (IL-6) in response to ROFA exposure (22) . Levels of IL-6 and other mediators have also been seen to increase in the bronchoalveolar lavage fluid of animals instilled with ROFA (11, 42) . Thus, the increase in NFκB activation observed in this study may be an event that (44, 45) , the fact that Western blotting showed reduced levels of IκBα in homogenates from ROFA-treated lungs is consistent with activation of the classical pathway for NFκB activation (43) . However, the supershift data suggest that the presence of a p65 homodimer in the ROFAinduced DNA-binding complex in the rabbit lung. Additional work will be needed to establish the significance of this finding. c-Jun is a specific substrate of JNK, whereas ATF-2 can be phosphorylated by either JNK or p38 (46) . Thus, the activation of these transcription factors is likely a consequence of the activation of these MAP kinases in the perfused rabbit lung exposed to ROFA. The induction of c-Jun and ATF-2 phosphorylation in the ROFA-treated perfused rabbit lung reported here is, therefore, consistent with our previous report of the activation of the MAP kinases JNK and p38 in lung tissue of rats intratracheally instilled with ROFA (23) . In contrast, CREB is a transcription factor linked to cAMP generation and protein kinase A activation (47), which has not been previously reported to be activated in response to ROFA or metallic exposure.
In general, the DNA-binding activity measured in this study can be viewed as corroborative of the immunostaining and Western blot findings, reducing the likelihood that they are the result of artifacts of the immunohistochemical processing. Functional activation of the NFκB pathway in the perfused rabbit lung tissue by ROFA is clearly demonstrated by the EMSA results showing enhanced binding to an NFκB-specific oligonucleotide sequence. In addition, the supershift findings showed active p65 in the DNA binding complex. The AP-1 EMSA data similarly support an increase in a functionally active phospho-c-Jun in the ROFAexposed rabbit lung. In the case of ATF-2 and CREB-1, both recognize the same nucleotide sequence used in the present study, and the ROFA-induced increase in DNA binding demonstrated by EMSA could, therefore, represent binding by either or both transcription factors. The supershift data demonstrated the involvement of ATF-2, but not CREB, in the DNA-binding complex induced in the ROFA-exposed rabbit lung. This apparent discrepancy between the immunostaining and EMSA findings may reflect a lack of functional activation of the phosphorylated CREB induced by ROFA, in the face of immunohistochemical and Western blotting data showing ROFA-induced phosphorylation of CREB. However, we cannot rule out the possibility that the failure to obtain a CREB supershift is due to a limitation of the antibody used in this experiment. In any case, these data show the value of using multiple complementary methods to evaluate the state of activation of transcription factors.
c-Jun is a component of the AP-1 heterodimer that binds to the ternary complex response element/AP-1 DNA response element (48) . AP-1 activation has been linked to IL-6 and IL-8 expression in a number of cell types (49) (50) (51) (52) , and may, therefore, also contribute to ROFA-induced inflammatory reactions in the lung. Likewise, ATF-2 activation is involved in the expression of tumor necrosis factor α (53) and adhesion molecules (54) . Like c-Jun, ATF-2 is capable of binding to AP-1; however, it can bind to the CRE response element as well (46, 55) . CREB-mediated transcription is associated with diverse cellular responses, including intermediary metabolism, neuronal signaling, cell proliferation, and apoptosis (56) (57) (58) . Additional studies will be needed to identify associations between individual responses and the activation of specific transcription factors such as CREB, ATF-2, and c-Jun by ROFA exposure in vitro and in vivo.
In summary, we have shown here that ROFA induces the phosphorylation and functional activation of multiple transcription factors that are associated with proinflammatory responses by lung cells in the absence of blood elements. These findings imply that the response to combustion-derived metallic mixtures found in ambient PM involves a direct alteration of transcriptional regulators in target cells in the lung and thus suggest a potential mechanism for the health effects of PM inhalation. See"Materials and Methods" for details. Lung tissue was homogenized and nuclear proteins were extracted and subjected to analysis by EMSA using specific radiolabeled oligonucleotide probes corresponding to NFκB, AP-1, or AF-2/CREB response elements. ATF-2/CREB-1. EMSAs were performed on nuclear extracts from ROFA-exposed rabbit lung tissue as described in "Materials and Methods." The DNA binding reactions were performed in the presence of either vehicle (ROFA control), 100-fold excess unlabeled wild-type probe, 100-fold excess unlabeled mutant probe, or the specified antibodies.
